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Note also that our models (1, 2) have assumed phase equilibrium on the inner core boundary; that is, as thermodynamic conditions change, freezing and melting occurs instantaneously to maintain the boundary at the freezing point. No allowance has been made for a finite time of relaxation to such a state. If that relaxation time were long compared with the time scales of interest in our model, the inner core would behave as a solid. As B. A. Buffett [Geophys. Res. Lett. 23, 2279 ] noted, the orientation of the inner core would then plausibly be gravitationally "locked" to that of the mantle by the inner core topography created by mantle inhomogeneities, which we have not included in our models. If Earth's inner core is rotating faster than the mantle, as recent observations suggest (9, 10) , a short melting-freezing relaxation time, a "mushy zone" at the top of the inner core (D. E. Loper, private communication), or a low inner core viscosity (B. A. Buffett, private communication) may preclude this gravitational locking effect. 9. X. Song and P. G. Richards, Nature 382, 221 (1996) . 10. W. Su, A. M. Dziewonski, R. Jeanloz, Science 274, 1883 Science 274, (1996 . 11. R. Hollerbach and C. A. Jones, Nature 365, 541(1993) ; Phys. Earth Planet. Inter. 87, 171 (1993) .
12. For example, P. H. Roberts [Philos. Trans. R. Soc. London Ser. A 263, 93 (1968) ] analyzed convection in a sphere, rapidly rotating as measured by the Taylor number Ta. He showed that the critical temperature gradient, as measured by a Rayleigh number Ra, at which convection could marginally occur is of order Ta211 for both axisymmetric and nonaxisymmetric modes of convection, but that the nonaxisymmetric motions, later identified by F. H. Busse [J. Fluid Mech. 44, 441 (1970) ] as rolls parallel to the rotation axis, have the smaller critical Ra. That such rolls are "preferred" can be qualitatively understood in terms of the Proudman-Taylor theorem: Slow, steady motions in an inviscid rotating fluid are 2D with respect to the rotation axis, so that a towed body in such conditions carries a column of fluid with it, a so-called Taylor column. The convective rolls are also often called, a little imprecisely, Taylor columns. 13. Similar thermal wind and meridional circulation structures were obtained by P. Olson and G. A. Glatzmaier [Phys. Earth Planet. Inter. 92, 109 (1995) ] using a fully 3D magnetoconvection model but with an imposed zonal magnetic field and a nonrotating, insulating inner core. Similar flow structures also have been obtained by C. Jones and R. Hollerbach (private communication) with their dynamo model using only one nonaxisymmetric mode. 14. Phrases like "just above the inner core boundary" are used in this discussion for presentational simplicity. The fluid in contact with the inner core boundary moves with it because of the no-slip boundary condition; there is no relative motion at the boundary. More precisely, the key quantities determining the coupling between inner and outer cores are B, and the derivatives of V on the inner core boundary, which control B<, and hence the stress BrBit,/uO on the inner core boundary. Also, after writing this report we were given a preprint by J. Aurnou, D. Brito, and P. Olson (Geophys. Res. Lett., in press) that describes a simple, analytic model of inner core rotation that approximates the thermal wind and magnetic coupling present in our geodynamo simulations (1, 2). The 17 January 1995, magnitude (M) 7.2, Kobe (Hyogo-Ken Nanbu) earthquake was the most damaging earthquake to strike Japan since the Kanto earthquake in 1923 (1). The Kobe earthquake occurred in an area with complex structure including numerous active Quaternary faults that have produced many large historical earthquakes (2). The permanent seismic networks in southwestern Japan (3) and many portable stations deployed following the Kobe mainshock (4) recorded thousands of aftershocks, which provide arrival time and waveform data for the determination of detailed crustal structure in the source area of the Kobe earthquake. Some previous tomographic studies found that some earthquake nucleation zones showed higher velocities than the surrounding country rock. These high velocity zones may represent competent parts of the fault zones or may indicate regions of transition from stable to unstable sliding (5). Other studies found that nucleation zones had low velocities and a high Poisson's ratio (u) that suggested the existence of overpressurized fluids (6, 7 We used the tomographic method of Zhao et al. (8) to determine the threedimensional (3D) P-and S-wave velocity (Vp, Vs) and uT distribution maps in the source area of the Kobe earthquake. We used 3203 Kobe aftershocks and 431 local micro-earthquakes that generated 64,337 Pand 49,200 S-wave arrival times (Fig. 1) . Most of the events were located in and around the rupture zone of the Kobe earthquake [the zone extends about 130 km northeast from the southern part of Awaji Island to Lake Biwa (Fig. 1) ]. All the events were recorded by more than 15 stations, and the hypocenter locations are accurate to + 1 to 2 km (4, 9) . The data were recorded by 37 permanent stations (3) and 30 portable stations that were set up following the Kobe mainshock ( Fig. IB) Fig. 2A) , while Vs was slower along the Nojima fault (Fig. 2B) . Therefore the Suma and Suwayama SCIENCE * VOL. 274 * 13 DECEMBER 1996 faults exhibited smaller values of or than the Nojima fault (Fig. 2C) . The Nojima fault showed slow Vs and high u to a depth of 5 km, which may be associated with the soft and thick alluvial sediments that have a high water content (1, I 1). The Vs image is different from the Vp image, probably because S waves are more sensitive to the fluid content of the rock than are P waves (12) .
There is a low Vp, low Vs, and high cr anomaly at the Kobe hypocenter at a depth of 16 to 21 km (Figs. 2 to 4 ) that extends laterally 15 to 20 km and covers about 300 km2. To confirm that this anomaly was adequately resolved by the inversion, we conducted checkerboard resolution tests (8, 13) (Fig. 5) . The resolution tests, with a grid spacing of 5 km, indicate good resolution for Vp and Vs anomalies along the Kobe fault zone (Fig. 5, B and D) . For the tests with a grid spacing of 9 km, the resolution is good for areas within 20 km of the fault zone (Fig.  5, A and C) . The shallower areas, to a depth of 18 km, showed the highest resolution (Fig.  5) . We also examined the ray path coverage, particularly in and around the low velocities, high cu anomaly at the Kobe hypocenter.
There were numerous rays crisscrossing that region from events outside the anomaly and events outside the cross section (Fig. 1, line  A-B) to the stations in the epicentral area. We also conducted tomographic inversions and resolution tests with different grid spacing, initial velocity models, and different data sets. The results showed that the low velocities, high or anomaly at the Kobe hypocenter could be resolved.
Seismic waves passing through the Nojima fault near the Kobe hypocenter exhibited strong attenuation (14) . Shear wave splitting was observed along the Nojima fault (15) . These observations suggest the presence of cracks, fluids, or both in the fault zone that could cause the attenuation and shear wave splitting. Ito et al. (16) suggested that the thickness of the seismogenic layer changes from about 13 km thick in the northeast (beneath the Suma and Suwayama fault traces) to about 17 km thick in the southwest (beneath the Nojima fault trace). There is a gap in the aftershock seismicity, just to the northeast of the mainshock hypocenter (Figs. 2 and 3) , that was interpreted as dense, unfractured rock on the fault plane (17) . The overall stress field in the Kobe region has the maximum compressional stress oriented east-west, but it was oriented north-south in the mainshock epicentral area (18) . Reflected seismic waves were detected from seismograms of aftershocks beneath northern Awaji Island, with a duration of 2 to 3 s, implying that seismic reflectors were densely distributed beneath the hypocenter at depths of 20 to 30 km (19) (21) (Fig. IC) , and heat flow studies revealed no significant lateral changes in temperature before the earthquake (22 to a magma reservoir, but rather to the presence of fluids in the crust. Lithological heterogeneity in the crust would also cause anomalies in VP, Vs, and a. However, it is difficult to explain all the observations for the Kobe hypocenter area (14) (15) (16) (17) (18) (19) with lithological variation only. For example, strong seismic attenuation and local stress change may not happen due to a change in lithology at a depth of 18 km in the crust. Future investigations using other geophysical methods, such as magnetotelluric soundings, would provide further constraint on this interpretation (7) . The low velocities, high (r anomaly at the Kobe hypocenter may be due to overpressurized, fluid-filled, fractured rock matrix near the bottom of the seismogenic layer. Potential sources of the fluids may be dehydration of minerals, fluids trapped in pore spaces, and meteoric water (23) . The subducting Philippine Sea plate is 50 to 60 km deep in this area (24) . The subducted of the fault zone, and alter the local stress regime (25) , as observed in the hypocentral area (18) . Japan 42, 277 (1989) . More than 90 permanent seismic stations are operated in southwestern Japan by Kyoto University, Nagoya University, Kochi University, Kyushu University, and the University of Tokyo, which are used to detect and record micro-earthquakes in this region. Among the 37 stations used in this study (Fig. 1 B) , 33 are equipped with three-component seismographs and four with one-component seismometers. All the P-and S-wave arrival times were double-checked by the analysts of the permanent networks. 4. S. Ohmi, Progr. Abstr. Fall Meet. Seismol. Soc. Japan, A39 (1995); Y. Umeda, Proc. 1996 Japan Earth Planet. Sci. Meet., 36 (1996) ; N. Hirata and the Urgent Observation Group (GROUP-95) for the 1995 Hyogo-Ken Nanbu Earthquake, J. Phys. Earth, in press. All 30 portable stations are equipped with three-component seismometers. All the P-and Swave arrival times were double-checked by the GROUP-95 analysts and the present authors. More than 98% of the P-and S-wave data used in this study was generated by the Kobe aftershocks and local micro-earthquakes with M < 3. The dominant frequency was 8 to 10 Hz for P waves and 5 to 8 Hz for S waves, and the Fresnel zones did not exceed 0.8 km, which is much smaller than the grid spacing 97, 19909 (1992) . We set up a 3D grid in the study area with a grid spacing of 4 to 5 km in the horizontal direction and 2 to 4 km in depth. Hypocenter locations and velocities at the grid nodes are taken as unknown parameters. The velocity at any point in the model is calculated by linearly interpolating the velocities at the eight grid nodes surrounding that point. An efficient 3D ray tracing technique is used to compute travel times and ray paths. We used a conjugate gradients algorithm to invert the large and sparse system of observation equations that relate the observed arrival-time data to the unknown parameters. P-and S-wave velocity structure and hypocenter parameters are simultaneously determined in an iterative inversion process. Then we use the relation (VP/VS)2 = 2(1 -j)/(1 -2u), to determine ar distribution. The tomographic inversion was conducted for the area shown in Fig. 1 . Only the ray paths within that area were used in the inversion. We did not use station corrections in our parameterization; any local anomalies close to stations can be resolved as velocity anomalies at the grid nodes of the top grid mesh layer at a depth of 0 km. Elevations of stations are included in the 3D ray tracing. The initial one-dimensional velocity model consists of four layers that are separated by the Conrad and Moho discontinuities and a velocity boundary at a depth of 3 km. In the four layers, VP is 4.8, 6.0, 6.7, and 7.8 km/s. VP/Vs ratio is 1.73. The Conrad discontinuity is at a depth of 15 to 17 km, and the Moho is at a depth of 34 to 35 km in the Kobe area (D. Zhao, S. Honuchi, A. Hasegawa, Tectonophysics 212, 289 
